The magnetotransport behaviors of a series of rare earth manganites with the same A-site cational mean radius and different A-site ionic radii variance ͑A-site disorder͒ are investigated. It is found that the system's ground state transforms from ferromagnetic metal to cluster-glass insulator with increasing A-site disorder. In the cluster-glass state, the magnetization shows the steplike behavior, indicating the existence of short-range magnetically ordered clusters. The significant effect of the A-site disorder on the electronic phase separation is revealed by detecting the cluster-glass ground state at low temperature. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2194826͔ Perovskite manganites ͑AMnO 3 ͒ have been attracting attentions not only for the potential applications due to the colossal magnetoresistance [1] [2] [3] ͑CMR͒ that can be understood in the framework of double exchange ͑DE͒ model, 4 but also for the fundamental understanding of the magnetic orders and the associated phase transitions. It has been recognized that the electronic phase diagram of CMR manganites is multicritical, involving competitions of spin, charge or orbital, and lattice orders, 5, 6 leading to electronic phase separation and inhomogeneous electronic and magnetic ground states.
Perovskite manganites ͑AMnO 3 ͒ have been attracting attentions not only for the potential applications due to the colossal magnetoresistance [1] [2] [3] ͑CMR͒ that can be understood in the framework of double exchange ͑DE͒ model, 4 but also for the fundamental understanding of the magnetic orders and the associated phase transitions. It has been recognized that the electronic phase diagram of CMR manganites is multicritical, involving competitions of spin, charge or orbital, and lattice orders, 5, 6 leading to electronic phase separation and inhomogeneous electronic and magnetic ground states. 2, 7 At the same time, the significance of intrinsic disorder in manganites has also been recognized. For example, in Ln 0.5 Ba 0.5 MnO 3 , rare earth Ln and Ba ions can form an ordered or disordered structure causing a significant disordered effect. 8 The disorder can result in glassy ground state and enhance the fluctuations of the order competitions, i.e., between the charge-ordered-orbital ordered ͑CO-OO͒ state and ferromagnetic metal ͑FMM͒ state, near the original bicritical point. Such fluctuations are amenable to an external magnetic field. Therefore, applying a field favors the FMM phase and produces the CMR effect.
It has been reported that the variance of the A-site ionic radii, 2 = ͚ i x i r i 2 − ͗r A ͘ 2 , where x i and r i are the atomic fraction and ionic radii of i-type ions at A-site, respectively, is a key parameter to describe the A-site disorder and has significant influence on the magnetic and transport properties of manganites. 9, 10 The A-site cational size mismatch can induce A-site disorder over a wide range but not causing distortion of the lattice structure. Therefore, an investigation of the A-site disorder can provide us additional clues to understand the CMR effect in manganites. Even though some earlier studies reported the relevance between ferromagnetic Curie point T C and the A-site disorder in some manganites, 9,10 there was not much work on the effect of the A-site disorder on neither the phase separation nor the inhomogeneity. It was postulated that the A-site disorder may lead to electronic and magnetic disordering effects, such as cluster-glass behavior, electronic localization, and so on. In this letter, we report the effects of A-site disorder on the phase separation and particularly the ground state transition from metal to glassy insulator.
In our experiments, we prepared a series of samples with the same A-site cational mean radius ͗r A ͘ = 1.20 Å but different variance 2 from 0.003 to 0.015, as shown in Table I . Both the ͗r A ͘ and 2 were calculated using standard ninecoordinated cational radii. 11 These samples were sintered by the conventional solid-state reaction in air. High-resolution x-ray diffraction ͑XRD͒ with Cu K␣ radiation was performed on these samples at room temperature. The transport measurements were performed using a standard four-probe method with temperature ͑T͒ in 20-300 K. The magnetizations of zero-field cooling ͑ZFC͒ and field cooling ͑FC͒ were measured as a function of T and magnetic field ͑H͒ using a Quantum Design superconducting quantum interference device ͑SQUID͒ magnetometer. The magnetic loops from H = 0 to 7 T were recorded at 3 K.
The XRD patterns of all the samples are presented in Fig. 1 . All the peaks can be indexed with a single orthorhombic structure with space group Pbnm. There was no measurable peak shift for samples with different 2 , indicating essentially the same lattice parameters for all the samples. It is estimated that the volume change corresponding to the variation of 2 from 0.003 to 0.015 is less than 0.5%. The curves of zero-field resistivity ͑͒ as a function of T for all the samples are plotted in Fig. 2͑a͒ . It is clearly shown that is very much dependent on 2 . In general, at a given temperature, increases with 2 , whereas at given 2 , different ϳ T behaviors were observed. 
2 With 2 increased to 0.007, the MIT occurred at ϳ100 K. When 2 ജ 0.008, there was no MIT observed down to 20 K, meaning that the samples remained to be insulating. It is well known that if all the Mn ions in the samples were ferromagnetically aligned, the maximum spin-only moment is 3.55 B / f.u. However, the measured M at 3 K and 3 T decreased from 3.36 to 1.01 B as 2 increased from 0.003 to 0.015, shown in Table I and Fig. 2͑b͒ , with an abrupt decrease occurred at 2 ϳ 0.008. Simultaneously, the zero field increased significantly at 2 = 0.008 ͓Fig. 2͑b͔͒, which is the reflection of a MIT induced by electron local- ization. We argue that the increased 2 induced the electron localization and enabled ground state transition from FMM to cluster-glass-like insulator. The detailed properties of the cluster-glass state will be reported elsewhere.
14 To understand the physics underlying the cluster-glassy transition, one may consider the scenario of phase separation in response to the A-site disorder and magnetic field. The DE interaction responsible for FMM state is scaled by single electron bandwidth W. 15 The FMM state is destabilized in distorted manganites, and often replaced by phases competing against FMM, such as CO-OO antiferromagnetic ͑AFM͒ insulator ͑AFI͒. A typical case is that the reduction of the A-site radius leads to ordered oxygen displacement and thus a CO-OO AFI. In addition, the size difference between the neighboring A-site R 3+ and M 2+ ions around one oxygen ion ͑i.e., A-site size mismatch͒ may enable the random oxygen displacement and consequently a local distortion of MnO 6 octahedra.
Since all the samples in the present study have the same ͗r A ͘ = 1.20 Å, very close to the ideal value, they have the same bandwidth W. The sample with small 2 ͑=0.003͒ certainly exhibits the typical MIT ͑FM-PM transition͒. As the A-site disorder increases ͑ 2 ഛ 0.007͒, the oxygen displacements and the radial distortions of the MnO 6 octahedra are random because the A-site ions randomly distribute in the lattice, which keeps the macroscopic structure unchanged. The Mn ions around the distorted MnO 6 octahedra may no longer be able to participate in the DE process. Moreover, considering the fact that the ground state in distorted manganites is often the CO-OO AFI rather than FM state, it is reasonable to argue that the distorted MnO 6 octahedra induced by A-site disorder prefers a locally short-ranged CO-OO AFI state. Although FM and CO-OO AFI phases coexist, the FM phase is dominant. When 2 ϳ 0.008, an intermediate disordered state, the system has more CO-OO AFI phase than the FM phase, and electron localization happens evidenced by the insulating behaviors over the whole T range. In such a case, a magnetic field favors the FM phase expansion at the expense of the AFI phase. Subsequently, the expansion of the FM phase requires H to be higher than a critical value in order for the Zeeman energy to overcome the strain energy. At this critical field, a sharp magnetization step is observed, as shown in Fig. 4͑b͒ ͑ 2 = 0.008͒. This steplike effect indicates the coexistence of the long-range FM regions and the short-range CO-OO AFI regions in the sample. As 2 Ͼ 0.008, it is argued that the long-range FM ordering is completely broken, and the short-range regions become dominant. This corresponds to the so-called clusterglass state. The magnetization M is small ͑M ϳ 1.01 B at 4.0 T for the sample of 2 = 0.015͒. If this argument applies, the -T relation can be described by the variable-rangehopping ͑VRH͒ model: 16 = i0 exp͓͑T 0 / T͒ 1/4 ͔, where i0 is the prefactor and T 0 is the characteristic temperature. Otherwise, the small polaron mechanism will apply above T MI . 2 In fact, for 2 ജ 0.007 the -T relation above T MI does follow the VRH model rather than the small polaron one. The good linear behavior apart from very low T indicates that the A-site disorder favors the electron localization and the cluster-glass state.
Earlier theoretical work dealt with the effect of quenched disorder on the electronic phase separation by first-order transitions, which corresponds to a phase diagram with features resembling the quantum critical behavior. The low-T region consists of coexisting ordered clusters. 17, 18 Generally, in manganites, the DE interaction and AFM superexchange interaction favor the long-range FM and AFI orders, respectively. For a coexisting two-phase system, an intermediate disorder often brings forth a MIT transition. Our experimental results seem to confirm the prediction of Tokura and Nagaosa, 2 Burgy et al., 17 and Sen et al. 18 that the competition of two opposite interactions plus quenched disorder will favor a cluster-glass state, which may be induced by the enhanced quantum fluctuations between the competing interactions as the consequence of the quantum phase transition. Therefore, the disorder-induced quantum fluctuation is probably one of the important ingredients of the CMR physics, although more direct and dynamic evidence is needed, which is being studied.
In conclusion, we have investigated the effect of the A-site disorder on the magnetic and transport behaviors of perovskite CMR manganites by changing the A-site cation size. It has been observed that the increasing of A-site disorder results in the transition of the ground state from metal to insulator because of the electron localization. The long-range FM state preferred with 2 Ͻ 0.007 is replaced by the clusterglass state with 2 Ͻ 0.009. At 2 ϳ 0.008, the coexistence of the two states has been revealed. Our results agree with the previous theoretical prediction and reveal the essential role of the A-site disorder in the CMR physics. 
